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ABSTRACT 


Harmonic  distortion  of  a  voltage  waveform  on  a  local  distribution  system  may 
have  many  effects,  such  as:  protective  device  malfunctions,  medical  equipment  failures, 
and  increased  noise  generation  and  bearing  wear  of  rotating  equipment.  In  the  past  these 
effects  have  been  tolerated.  Advances  in  semiconductor  technology  in  the  past  two 
decades  have  produced  devices  that  can  handle  large  amounts  of  power  efficiently  and 
safely.  These  advances  have  led  to  an  increased  number  of  loads  that  contribute  to  the  bus 
voltage  distortion. 

These  same  advances  that  have  made  the  distortion  problem  worse  also  have  given 
rise  to  devices  that  can  be  used  to  actively  correct  the  problem.  Active  Power  Line 
Conditioners  (APLC's)  use  voltage  or  current  converters  to  improve  harmonic  distortion 
on  local  buses.  APLC's  use  information  from  current  or  power  sensors  that  are  spread 
throughout  the  distribution  system  in  order  to  correct  the  voltage  waveform  distortion. 
These  sensors  are  difficult  and  costly  to  install.  This  thesis  presents  an  APLC  that 
produces  its  distortion  canceling  signal  using  only  bus  voltage  information,  thus  reducing 
the  distribution  sample  points  to  one.  The  Lab  VIEW  graphical  programming  language  is 
used  for  sampling  and  control  of  the  APLC 
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L  INTRODUCTION 


Electric  power  generation  plants  produce  power  generally  in  a  sinusoidal  fashion. 
The  majority  of  the  loads  that  are  consuming  this  power  are  passive  and  nearly  linear  in 
nature.  Non-linear  loads,  while  they  have  existed  for  many  years,  have  made  up  only  a 
fraction  of  the  power  consumers  on  a  distribution  system  and  their  undesirable  effects 
have  been  tolerated.  Technological  advances  in  semiconductor  devices  are  making  these 
non-linear  loads  more  prevalent. 

Modem  power  electronic  devices,  such  as  the  insulated-gate  bipolar  transistor 
(IGBT),  power  metal-oxide-semiconductor  field  effect  transistor  (MOSFET)  and  silicon- 
controlled  rectifier  (SCR),  are  capable  of  handling  large  amounts  of  electrical  power 
efficiently  and  safely.  Devices  like  these  are  finding  more  and  more  applications,  such  as 
light  dimmers,  AC/DC  converters  and  adjustable  speed  motor  drives.  [Ref  1]  These 
applications  have  made  life  easier  and  made  available  the  ability  to  perform  a  wider  range 
of  functions  with  existing  electrical  equipment.  Many  times  the  advantages  of  the 
improved  electronics  have  an  accompanying  disadvantage;  the  use  of  power  electronic 
devices  has  increased  the  percentage  of  power  that  is  drawn  in  a  non-linear  fashion  to  the 
point  where  their  effects  may  become  unacceptable. 

Non-linear  power  electronic  loads  draw  currents  that  are  not  sinusoidal.  These 
currents  act  in  an  Ohm's  law  relationship  with  the  distribution  systems'  transformers  and 
cables  to  cause  distortion  in  the  voltage  of  buses  where  the  non-linear  loads  are  connected. 
[Ref  2]  All  loads  attached  to  the  bus  are  subject  to  the  distorted  voltage  waveform  and 
therefore  may  not  operate  as  designed. 

Distortion  in  the  voltage  waveform  is  defined  as  any  deviation  from  the 
fundamental  sinusoidal  shape.  The  distorted  waveform  is  periodic  and  therefore  can  be 
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represented  by  a  Fourier  series  expansion.  The  magnitudes  of  the  non-fundamental 
coefficients  of  the  series  expansion  are  a  measure  of  the  harmonic  content  of  the  distorted 

signal,  hence  the  title  "harmonic  distortion". 

The  effects  of  the  distorted  voltage  are  wide  ranging.  Fault  isolation  devices,  such 
as  fuses  and  breakers,  are  sporadically  interrupting  power  when  no  faults  are  present. 
Transformers  and  motor  windings  are  overheating  even  though  all  parameters  are  within 
prescribed  limits.  Motor  drives  and  computers  are  malfunctioning  stopping  critical 
computer-controlled  processes  and  medical  equipment  [Ref  1].  Variations  in  the 
electromagnetic  torque  developed  by  AC  motors  cause  minute  speed  fluctuations  leading 
to  increased  bearing  wear  and  acoustic  noise  generation. 

There  are  many  approaches  to  the  correction  of  this  distortion.  Chapter  II 
provides  a  brief  summary  of  the  correction  devices  that  have  been  and  are  being  employed. 
The  correction  device  designed  and  tested  for  this  thesis  is  presented  in  Chapter  HI.  The 
programming  language  and  program  used  for  information  processing  and  control  are 
described  in  Chapter  IV.  Chapter  V  contains  the  testing  and  results.  The  summary  and 
recommendations  are  stated  in  Chapter  VI. 
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n.  DISTORTION  SOLUTIONS 


The  problems  that  harmonics  produce  are  as  widespread  as  the  techniques  used  to 
eliminate  them.  The  troublesome  harmonics  are  addressed  in  three  ways:  (1)  prevent  the 
production  of  harmonic  distortion;  (2)  isolate  the  distortion  from  harmonic  sensitive 
equipment ,  and;  (3)  correct  the  distortion. 

A.  PREVENTION 

Power  electronic  devices  such  as  AC-DC  converters,  while  a  major  contributor  to 

harmonic  distortion,  can  be  carefiilly  controlled  so  that  the  distortion  created  is  minimized. 

Depending  on  the  control  scheme  used  in  the  converter,  particular  harmonics  can  be 

eliminated  altogether  or  higher  harmonics  produced  instead.  These  higher  harmonics  are 

more  easily  filtered  out  by  the  distribution  system  itself  without  the  use  of  additional  filter 

devices.  [Ref  3]  Active  shaping  of  the  input  line  current  is  one  method  used  to  minimize 

the  harmonic  production  on  the  distribution  systems.  Figure  2.1  shows  the  basic  wave 

shaping  scheme.  The  step-up  converter  is  operated  in  a  current  regulator  mode  and 

Step  Up 


Figure  2.1  Wave  Shaping  Circuit 
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controlled  such  that  the  current  drawn  from  the  line  is  in  phase  with  the  voltage  wave  form 
and  is  sinusoidal.  The  switching  frequency  of  the  step-up  converter  is  significantly  higher 
than  the  harmonics  that  are  being  corrected.  Even  though  the  switching  frequency  effects 
will  be  seen  in  the  line  voltage  they  will  be  easily  filtered  by  the  transmission  line 
inductance. 

B.  ISOLATION 

On  essential  loads,  such  as  medical  equipment  and  critical  process  controlling 
computers,  it  is  necessary  at  times  to  isolate  them  from  a  harmonically  corrupt  distribution 
system.  Uninteruptible  Power  Supplies  (UPS),  though  commonly  used  as  a  backup  for 
power  outages,  are  excellent  for  voltage  regulation  problems  as  well  as  suppressing 
incoming  line  transients  and  harmonic  disturbances.  [Ref.  3] 

A  block  diagram  showing  how  a  UPS  may  be  used  to  isolate  distortion  from 
critical  loads  is  shown  in  Figure  2.2.  As  a  harmonic  isolation  device,  the  UPS  would  be 
sensitive  to  the  total  harmonic  distortion  (THD)  on  the  line  side  of  the  rectifier.  When 
distortion  of  the  line  gets  to  the  point  where  the  critical  load  is  affected  the  source  of 
power  to  the  load  is  shifted  from  the  normal  AC  supply  to  the  UPS  output  powered  by  the 
battery. 

C.  CORRECTION 

In  the  event  that  harmonic  distortion  can  not  be  prevented  from  occurring  on  a 
distribution  system  and  cost  limits  the  use  of  UPS's  on  all  loads,  then  harmonic  correction 
is  the  last  resort.  There  are  many  ways  to  correct  the  harmonic  distortion  present  on  a 
given  distribution  system.  The  correction  may  be  passive  or  active. 
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Distortion/Low  ‘ 

Volta^ 

Sensor 

Figure  2.2  Isolation  Block  Diagram 
1.  Passive  Correction 

On  many  devices  passive  elements  are  added  in  series  with  the  load  in  order  to 
filter  the  harmonics  or  minimize  the  damage  fi’om  the  distortion. 

a.  Line  Reactors 

The  simplest  passive  filter  used  is  an  inductor  connected  in  series  with  the 
harmonically  corrupting  load,  Figure  2.3.  The  increased  inductance,  due  to  the  line 
reactor,  results  in  a  higher  effective  value  of  the  AC  inductance  which  improves  the 
power  factor  and  reduces  harmonics.  [Ref.  3]  This  method  is  cheap  but  ineflBcient  because 
of  the  considerable  losses  in  the  inductor. 

b.  Custom  Designed  Harmonic  Filters  (CDHF) 

An  extension  of  the  line  reactor  is  the  addition  of  shunt  capacitors  in  order 
to  make  band  pass  filters.  Figure  2.4.  The  filters  are  tunable  to  the  harmonic  fi-equency  to 
be  attenuated.  The  ability  to  tune  the  filter  to  remove  selected  harmonics  improves 
correction  system  flexibility.  However  these  tuned  filters  are  susceptible  to  detuning  due 
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Transmission 


Figure  2.3  Line  Reactor 

to  aging  and  temperature  variations  thus  removing  their  effectiveness.  Effectiveness  may 
also  be  eliminated  if  the  distribution  configuration  causes  the  harmonic  footprint  to 
change.  Harmonics  not  originally  accounted  for  may  not  be  filtered.  In  addition, 
distribution  configuration  changes  or  harmonic  generated  by  remotely  located  nonlinear 
loads  within  the  filter's  bandwidth,  may  sink  into  it  causing  an  overload  condition. 


High  Pass  Harmonic 

Filter  Filter 


Figure  2.4  Custom  Designed  Harmonic  Filter 


c.  Isolation  Transformers 

Zig-Zag  or  Wye-Delta  transformers  trap  zero  sequence  harmonics  such  as 
3,6,9  etc.  The  isolation  comes  at  the  expense  of  increased  losses  in  the  transformers.  The 
harmonics  create  a  significant  amount  of  eddy  current  losses  within  the  transformer  that 
has  caused  transformers  to  literally  explode  fi’om  overheating.  Recently  "K-rated" 
transformers  have  emerged  with  a  greater  ability  to  withstand  the  additional  stress  damage 
and  overheating.  [Ref  4]  The  "K  factor”  is  simply  a  de-rating  factor  of  the  transformer. 

2.  Active  Correction 

The  voltage  wave  form  at  a  given  node  may  be  distorted  or  additionally  distorted 
by  drawing  non-linear  current  fi-om  that  node.  A  "stiff'  system  is  one  in  which  the  voltage 
at  that  bus  is  not  sensitive  to  the  current  flowing  through  it.  While  a  "weak"  system  is  one 
where  the  bus  voltage  is  quite  sensitive  to  the  current.  Whether  a  given  bus  is  "stiff'  or 
"weak"  is  generally  described  by  its  short  circuit  current.  The  higher  the  short  circuit 
current  the  stiffer  the  bus.  Provided  that  the  system  is  not  to  "stiff'  the  bus  voltage  can 
be  realisticaUy  corrected  by  injecting  current  into  the  node  with  the  proper  magnitude  and 
phase  angle.  [Ref  1]  This  is  precisely  what  an  Active  Power  Line  Conditioner  (APLC) 
attempts  to  accomplish. 

Active  power  line  conditioners  can  be  broadly  categorized  by  the  type  of  converter 
used,  voltage  or  current,  and  the  domain  in  which  correction  occurs,  time  or  fi’equency. 
DC  to  AC  converters  are  dc  supplies  connected  to  an  inverter  which  is  switched  in  many 
different  fashions  to  create  a  desired  wave  shape.  The  inverter  alternately  switches 
between  positive,  negative  and  common  terminals  in  order  to  supply  or  absorb  power  as 
needed.  Voltage  or  current  converters  differ  primarily  by  their  dc  source.  The  voltage 
converter  dc  supply  consists  of  a  capacitor  which  resists  a  change  in  voltage  where  a 
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current  converter's  supply  is  an  inductor  which  resists  a  change  in  current.  Figure  2.5 
shows  a  basic  voltage  and  current  converter.  [Ref.  1] 

Correction  in  the  time  domain  is  based  on  adjusting  the  instantaneous  voltage  or 
current  wave  shape  to  that  of  a  reference.  An  error  function  is  developed  by  comparing 
the  measured  voltage  or  current  wave  shape  to  a  template.  The  error  function  then 
provides  the  needed  control  information  to  the  converter  controlling  the  injected  current 
or  output  voltage.  [Ref  1] 


Poiwr  System  Power  System 


(a)  (b) 

Figure  2.5  Voltage  (a)  and  Current  (b)  Converter 


Frequency  domain  correction  is  based  on  determining  the  harmonic  content  of  the 
distribution  system  waveform.  The  Fourier  transform  of  the  waveform  yields  the  energy 
content  of  the  harmonics.  Once  the  Fourier  transform  is  taken,  the  inverter  switching 
function  is  determined  to  develop  the  distortion-canceling  wave  shape.  [Ref  1] 
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m.  ACTIVE  POWER  LINE  CONDITIONER  IMPLEMENTATION 


The  active  power  line  conditioner  implemented  in  this  thesis  used  a  frequency 
domain  correction  controlling  a  current  converter.  The  APLC,  Figure  3.1,  is  made  up  of 
the  network,  current  amplifier,  D/A  and  A/D  converters,  correction  signal  and  computer. 


The  network  is  made  up  of  the  distribution  system  seen  at  the  node  where  the 
distorted  voltage  is  to  be  corrected.  The  computer  processes  the  sampled  voltage  wave 
form  of  the  network  to  produce  the  desired  weights  that  are  applied  to  the  harmonic 
sinusoids  of  the  correction  signal.  The  digital  correction  signal  is  the  sum  of  the  individual 
harmonic  correction  signals.  The  current  amplifier  amplifies  the  distortion-canceling  wave 
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waveform  that  has  been  converted  to  an  analog  signal.  The  D/A  and  A/D  converters 
allow  interfacing  between  the  analog  network  and  digital  processing  equipment. 

A.  NETWORK 

The  node  that  the  converter  is  connected  to  is  the  point  of  common  coupling 
(PCC)  between  it  and  the  distribution  system.  The  network  is  what  the  converter  sees 
looking  into  the  distribution  system  at  the  PCC.  The  network  is  made  up  of  linear  and 
non-linear  loads  distributed  throughout  the  power  system.  The  voltage  of  the  network  is 
related  to  the  impedance  of  the  network  by 

/.  3.1 

h=l 

where  is  the  h  harmonic  component  of  the  voltage  at  bus  B, 

Zgh  is  the  impedance  at  bus  B  seen  by  harmonic  current  /*, 

A/ is  the  mayimum  harmonic  number  considered  significant. 

The  network  along  with  the  a  Norton  equivalent  circuit  is  depicted  in  Figure  3.2. 
The  bus  equivalent  load  is  the  linearized  model  about  a  particular  harmonic  current. 

When  the  line  conditioner  is  operating,  the  harmonic  voltage  at  bus  B,  Figure  3.2b, 
is 

Vi,  =  Vi+VA+V. 

where  v  i  =  V2  sin(  O)  r),  fundamental  voltage. 

is  the  voltage  produced  by  the  harmonic  current. 

V  c  is  the  voltage  produced  by  the  conditioner  current. 

Equation  3.1  is  a  linear  view  of  the  voltage  at  the  bus  because  in  practice  the 
impedance  matrix  that  relates  the  harmonic  current  to  the  bus  voltage  can  be  significantly 
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coupled.  The  complex  impedance  in  equation  3.1  is  a  function  of  the  harmonic 
frequencies  and  currents.  Coupling  does  not  invalidate  equation  3.2  but  it  makes  the 
process  of  finding  the  correct  harmonic  currents  to  inject,  such  that  equals  -^c. 


difficult. 


Power  System 
Network  with 
Non-linear 
Loads 


Bus  B 

1  , 

Equiv 

Load 

i 

Figure  3.2  Network  (a)  and  Norton  Equivalent  (b) 


B.  CURRENT  CONVERTER 

The  converter  used  in  the  APLC  is  a  model  262V  pulse  width  modulated  power 
amplifier  manufactured  by  Copley  Controls  Corporation.  A  block  diagram  of  the  amplifier 
setup  is  shown  in  figure  3.3.  The  amplifier  rails  require  an  ungrounded  voltage  of  85  to 
350  VDC.  [Ref  5] 

The  source  is  208  VAC  three  phase  which  is  made  adjustable  from  zero  to 
maximum  by  the  variac  and  ground  isolated  by  the  Wye-Wye  connected  transformer. 
The  ungrounded  signal  is  rectified  by  the  a  three  phase  bridge  rectifier  and  filtered  to 
produce  the  needed  rail  voltage. 
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Figure  3 .3  Amplifier  Power  Supply  Block  Diagram 
The  amplifier  output  signal  is  produced  by  alternately  switching  between  the  HV+ 
and  HV  Ret.  The  amplifier  switching  circuit  is  shown  in  Figure  3.4.  Each  set  of  switches 


Figure  3.4  Amplifier  Switching  Circuit 

(Ql,  Q2  and  Q3,  Q4)  constitute  a  half  bridge  power  stage.  The  output  (+)  and  the  output 
(-)  are  either  connected  to  the  HV+  or  HV  Ret  at  all  times.  The  average  DC  value  at 
either  output  connection  is  a  function  of  the  voltage  at  HV+  and  the  duty  cycle  of  the  half 
bridge.  The  two  half  bridges  continually  have  the  same  duty  cycle,  which  is  dictated  by 
the  input  differential  signal,  but  when  the  positive  half  bridge  is  connected  to  the  HV+  the 
negative  half  bridge  is  connected  to  HV  Ret.  If  the  input  signal  is  positive  going  then  the 
duty  cycle  increases  fi'om  50%  which  produces  a  positive  going  voltage  between  output 
(+)  and  output  (-).  The  duty  cycle  is  50%  when  the  input  is  zero  and  the  average  DC 
voltage  at  the  output  will  be  zero.  A  negative  going  waveform  at  the  input  causes  the 
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duty  cycle  to  drop  below  50%  which  produces  a  negative  average  DC  voltage  at  the 
output.  The  output  waveform  is  fedback  and  compared  to  the  desired  wave  shape.  This 
comparison  is  used  to  develop  the  control  for  the  pulse  width  modulator.  The  pulse  width 
modulator  operates  at  81  kHz.  The  output  of  the  half  bridges  is  a  chopped  DC  voltage.  A 
low  pass  filter  at  the  output  of  the  switches  has  a  center  fi-equency  of  13.8  kHz  and 
attenuates  the  81  kHz  ripple  to  approximately  2.0%  of  the  maximum  DC  output.  [Ref  5] 

The  262V  amplifier  was  configured  by  the  manufacturer  to  operate  as  a  current 
amplifier  fi-om  0  to  5  kHz  with  an  expected  load  inductance  of  4  mH  and  a  center 
fi-equency  of  1.5  kHz.  An  inductor  was  added  at  the  output  to  ensure  that  the  amplifier 
would  operate  as  a  current  source  at  fi-equencies  as  low  as  60  Hz.  [Ref  5] 

C.  A/D  AND  D/A  CONVERTERS 

The  A/D  converter  (ADC)  is  a  12  bit,  sampling,  successive  approximation 
converter.  The  ADC  has  two  input  ranges  that  are  software  sellectable:  -5  to  5  VDC  or  0 
to  10  VDC.  The  sampling  rate  is  programmable  up  to  200  kHz  and  is  independent  of  the 
host  computer  clock.  Conversion  data  is  stored  in  a  dedicated  buffer  to  accommodate 
differences  in  software  and  hardware  speeds.  [Ref  6] 

The  D/A  converter  (DAC)  is  a  12  bit  converter  with  an  analog  output  range  of  0 
to  9.9976  V  in  steps  of  2.44  mV  for  unipolar  operation  and  -10  to  9.9951  V  in  steps  of 
4.48  mV  for  bipolar  operation. [Ref  6]  The  time  of  conversion  is  programmable  to  be 
either: 

1 .  Convert  immediately  upon  writing  to  the  DAC  register, 

2.  Convert  when  triggered  by  an  external  source,  or 

3.  Convert  when  triggered  by  an  internal  strobe. 
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D.  CORRECTION  SIGNAL 


The  adaptively  controlled  correction  signal  is  developed  by  the  computer  using  a 
measure  of  total  harmonic  distortion  (THD)  as  an  error  function.  The  error  of  this 
distorted  signal  is  its  departure  from  the  fundamental  waveform,  equation  3.3.  The 
waveform 

^  =  Vb-Vi 


distortion  is  quantized  by  the  Mean  Square  Error  (MSE).  It  can  be  shown  that 


Further,  it  can  be  shown  that, 

THD  =  -^  3.5 

thus  the  MSE  is  minimized  when  the  THD  is  minimized. 

The  correction  signal  components  x,3*X,s-Xsk  Xc3^Xc5"-Xch  discrete 

versions  of  the  harmonics  detected  in  the  bus  voltage,  as  expressed  in  these 
equations.  [Ref  7] 

JC,A  =  sin 


fhka)T\ 

where  h  =  3,5  . , 

k  is  the  time  index, 

T=  Ilf  =  Itc/g)  =  cycle  period, 

N  =  number  of  samples  per  cycle. 


3.7 
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The  impedance  matrix  of  the  distribution  system  is  unknown,  implying  that  the 
amplitude  and  phase  of  the  harmonic  currents  are  also  unknown.  Based  on  this,  the 
discrete  signals  were  given  an  amplitude  of  one  and  phase  of  zero.  The  discrete  signals 
are  multiplied  by  weighting  factors  Sf,  and  Cf,  then  summed  together  to  produce  the 

desired  discrete  correction  signal.  [Ref  7] 


A#1 


The  determination  of  the  weights  are  done  with  the  help  of  the  THD  measurement. 
Equations  3.9  and  3.10  show  the  relationship  between  successive  weights. 


where 


3.9 

c.«=c.+(-Vj»* 

3.10 

„  dTHD 

9c 

The  gradients  of  the  THD  and  step  size,  p,  determine  the  rate  of  convergence.  Figure  3.5 
is  used  to  illustrate  this  point.  The  THD  surface  is  drawn  as  a  function  of  one  weight.  The 
gradient  of  the  surface  points  in  the  correct  direction  to  mmimize  the  THD ,  equation  3.11. 

^  jTHIX.-THa)/  ,  3.11 

^  /\Ck*l^Ck) 

Since  the  sine  and  cosine  functions  are  orthogonal  functions,  the  weighing  and  summing 
process  will  eventuaUy  provide  the  missing  amplitude  and  phase  information  to  the 
distortion-canceling  signal. 
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E.  COMPUTER 

The  computer  used  in  the  APLC  is  a  DataStor  486-66.  The  computer  is  an  ffiM 
compatible  AT  with  an  EISA  local  bus.  The  computer  houses  the  National  Instrument 
AT-MIO-64F-5  data  acquisition  board.  The  AT-MIO-64F-5  is  a  high  performance, 
multifunction  analog,  digital,  and  timing  I/O  board.  The  ADC  and  DAC  reside  on  the 
board  along  with  eight  lines  of  TLL-compatible  digital  input  and  output,  and  three  16-bit 
counter/timer  channels  for  timing  input  and  output.  [Ref.  8]  The  algorithm  used  by  the 
computer  for  processing  the  input  information  and  determining  output  signal  was  wntten 
in  Lab  VIEW  which  is  discussed  in  the  next  chapter. 
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IV.  SOFTWARE  IMPLEMENTATION 


A.  LABVIEW  OVERVIEW 

LabVIEW,  like  C  and  BASIC,  is  a  program  development  application.  Traditional 
programming  has  been  done  in  text  based  languages.  The  growing  trend  is  to  object  or 
graphically  oriented  languages,  such  as  LabVIEW.  Terminology,  icons  and  ideas  famihar 
to  scientists  and  engineers  are  implemented  in  LabVIEW  using  graphical  sjmibols  rather 
than  textual  language.  LabVIEW  has  extensive  libraries  of  functions  and  subroutines  that 
cover  most  programming  tasks.  Data  acquisition,  analysis,  presentation  and  storage  and 
GPIB  and  serial  instrument  control  are  among  some  of  the  existing  libraries.  [Ref  9] 

Programs  developed  in  LabVIEW  are  called  \irtual  instruments  (Vi's)  because 
their  appearance  imitates  that  of  actual  instruments.  Vi's  that  are  called  by  the  running  VI 
are  called  sub  Vi's.  The  user  interface  portion  of  a  VI  is  called  iHaSi  front  panel  and  the 
source  code  equivalent  is  called  the  block  diagram.  The  control  switches  and  knobs  and 
display  gauges  and  graphs  are  contained  in  the  front  panel.  Instrument  control  is 
performed  using  the  keyboard  or  mouse.  Instructions  are  executed  in  the  block  diagram 
which  is  actually  a  pictorial  solution  to  the  programming  problem.  [Ref  9] 

B.  COMPUTER  PROGRAM 

The  program  developed  for  the  APLC  is  called  HARMONIC.  VI,  Figure  4. 1  shows 
the  front  panel  of  this  VI.  The  program  consists  of  four  main  parts;  1.  Data  acquisition 
2.  Data  processing  3.  Control  Development  and  4.  Signal  Output.  This  section  will 
discuss  the  theory  behind  and  then  the  actual  LabVIEW  implementation  of  these  program 
elements. 
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Figure  4. 1 .  HARMONIC. VI  Front  Panel 


1.  Data  Acquisition 

Data  acquisition  is  the  process  of  sampling  a  signal  and  organizing  the  collected 
data  in  an  useful  format.  The  HARMONIC.VI  controlled  the  data  acquisition  boards' 
parameters  in  order  to  meet  the  following: 

1.  The  minimum  sampling  frequency  must  meet  the  Nyquist  criteria.  The 
expected  analog  signal  to  be  sampled  was  a  harmonically  distorted  sinusoid  with  a 
fundamental  frequency  of  60  Hz.  It  was  decided  that  harmonics  higher  than  the  21st 
would  be  negligible  and  that  it  would  be  considered  the  maximum  signal  frequency.  The 
minimum  sampling  frequency  is  2520  Hz. 

2.  The  maYimiim  sampling  frequency  was  set  by  the  programs  ability  to 
process  the  data.  The  sampled  data  is  placed  into  a  circular  buffer  of  finite  length. 
Contiguous  segments  of  data  are  pulled  off  the  buffer  to  be  processed.  If  the  processing 
rate  is  smaller  than  the  sampling  rate  then  the  buffer  over  flows.  This  high  linut  for 
sampling  frequency  was  empirically  determined  to  be  approximately  4000  Hz. 

3.  The  scan  length  or  record  length  is  the  specified  amount  of  sampled  data 
that  is  taken  from  the  input  buffer  each  cycle.  The  Fourier  transform  needed  to  be  taken 
in  the  processing  section  each  cycle  therefore  the  record  length  was  chosen  to  be  the 
highest  integer  power  of  two  that  would  not  cause  an  input  buffer  overflow.  The  power 
of  two  facilitated  the  use  of  fast  Fourier  transform  (FFT)  algorithms  to  compute  the 
discrete  Fourier  transform  (DFT)  which  are  more  efficient  and  save  processing  time.  The 
record  length  was  set  at  2048. 

Any  sampling  frequency  meeting  the  above  criteria  would  work  for  the  program. 
The  final  setpoint  for  the  sampling  frequency  was  3072  Hz.  This  particular  value  was 
chosen  to  ensure  that  the  frequency  represented  by  the  DFT  would  be  near  the 
fundamental  and  harmonic  frequencies  to  minimize  leakage.  Figure  4.2.  shows  the  block 
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diagram  of  the  input  while  loop.  The  AI  COMTO.  AI  START  and  AI  READ  subVI's  in 
conjunction  with  the  while  loop  made  up  the  data  acquisition  portion  of  HAmONIC.  VI. 

2.  Data  Processing 

The  purpose  of  the  data  processing  section  of  the  HARMONIC.  VI  was  to  take  the 
2048  element  array  of  data  provided  by  the  data  acquisition  section  and  produce  useful 
information  for  control  and  display.  The  processing  section  is  shown  in  Figure  4.2  and  is 
composed  of  the  windowing  case  statement,  DFT,  THD  and  HARM  AVE  sub  Vis. 

The  array  of  data  is  a  sampled  rectangular  windowed  segment  of  the  analog  signal. 
The  rectangular  window  arises  from  the  finite  record  length  of  the  array  and  creates 
undesired  effects  in  the  output  of  the  DFT.  The  Fourier  transform  of  the  signal  of  interest 
x(t)  is  the  sum  of  the  delta  functions  at  the  harmonic  frequencies. 

3{x(r)}  =  X(/)  =  -  *  /i )  • 

k 

The  actual  data  array  has  a  finite  record  length,  and  is  thus  the  continuous  signal 
multiplied  by  a  rectangle  window  function  w(t).  The  Fourier  transform  of  the  resulting 

array  is  _ 

Z[x'  (r)}  =  S{x{t)w(t)}  =  Xif)*Wif)  =  4.2 

k 

This  is  the  convolution  ofX(f)  and  W(r).  From  this  it  is  apparent  that  the  impulses  of  the 
actual  transform  has  been  spread  by  the  transform  of  the  window  function.  The  Fourier 
transform  of  the  rectangle  window  is  a  sine  function.  As  the  record  length  decreases  the 
width  of  the  zero  crossings  of  this  sine  function  increases.  For  a  given  record  length,  the 
width  of  the  zero  crossings  (  and  thus  how  much  the  impulses  of  the  original  signal's 
transform  are  spread)  can  be  narrowed  by  using  a  digital  window  that  tapers  at  the  edges 
of  the  record.  Lab  VIEW  offers  many  types  of  windows  of  which  the  tapered  cosine, 
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Hamming,  Hanning,  Blackman  and  Blackman-Harris  windows  were  incorporated  into 
HARMONIC. VI. 

The  digitally  windowed  array  is  passed  to  the  DFT  sub  VI.  Lab  VIEW  uses  the 
Split-Radix  FFT  algorithm  to  compute  the  DFT  when  the  array  length  is  an  integer  power 
of  two.  The  algorithm  resembles  the  Radix-4  method  but  has  the  speed  advantage  of  the 
Radix-8  method.  [Ref  10]  The  output  of  the  DFT  is  an  array  of  complex  numbers 
containing  the  phase  and  magnitude  information  of  the  input  arrays  spectrum.  The 
magnitude  of  the  spectrum  is  extracted  and  sent  to  the  THD  sub  VI. 

The  THD  sub VI  computes  the  percent  THD  and  scaled  values  of  the  energy 
contained  in  the  harmonic  frequencies.  These  scaled  values  are  used  in  the  control  section 
as  error  signals.  As  discussed  in  Chapter  m  the  THD  of  a  periodic  wave  form  is  defined 
as  the  percent  of  the  energy  contained  in  the  harmonics  compared  to  that  energy  contained 
in  the  fundamental.  Parseval's  theorem  states  that  the  energy  of  a  signal  can  be  found  by 
integrating  the  magnitude  squared  of  the  Fourier  transform  of  the  signal  over  all 
frequency.  The  energy  contained  within  any  bandwidth  is  determined  by  simply 
integrating  the  same  argument  over  that  frequency  band.  The  THD  sub VI  uses  this  and 
the  information  from  the  DFT  to  approximate  the  energy  contained  in  the  fimdamental  and 
harmonic  frequencies. 

The  DFT  is  a  sampled  version  of  the  discrete  time  Fourier  transform  (DTFT)  taken 
of  a  sampled  signal.  Figure  4.3  shows  graphically  this  concept.  The  horizontal  axis  is  the 
discrete  frequency  corresponding  to  the  fundamental  and  its  3rd  and  5th  harmonics.  The 
approximation  to  the  area  underneath  the  squared  DTFT  for  a  given  bandwidth  is  the 
squared  DFT  elements  summed  over  the  same  bandwidth.  The  block  diagram  of  the 
THD  sub VI  is  shown  in  Figure  4.4.  The  array  entering  this  sub VI  is  the  magmtude  of  the 
DFT.  The  index  of  the  array  is  related  to  the  frequency  of  the  signal.  The  subVI 
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Figure  4.4  Block  Diagram  of  THD  sub VI 
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determines  the  index  containing  the  maximum  value  which  corresponds  to  the  fundamental 
frequency.  The  index  of  the  harmonic  frequencies  is  the  fundamental  index  multiplied  by 
the  harmonic  number.  The  array  was  split  up  into  segments  of  twenty  four  elements 
centered  at  the  indexes  of  the  fundamental  and  harmonic  frequencies.  Each  sub  array  was 
squared  element  by  element  and  then  summed  to  approximate  a  scaled  value  for  the 
energy  cont^ed  within  the  desired  frequencies.  THD  was  then  calculated  by  taking  the 
square  root  of  the  sum  of  the  harmonic  scaled  values  and  dividing  by  the  fundamental 
value.  The  scaling  factor  cancels  out  in  the  calculation  of  THD.  The  THD  and  scaled 
energy  signals  are  then  sent  to  the  HARM  AVE  sub VI. 

The  THD  and  error  signals  fluctuate  making  use  of  them  for  control  difficult. 
HARM  AVE  sub VI  performs  a  weighting  average  of  THD  and  the  error  signals.  A 
block  diagram  of  HARM  AVE  subVI  is  shown  in  Figure  4.5.  The  weights  were  picked  to 
put  more  emphasis  on  the  most  recent  values.  In  addition  to  the  information  provided  for 
averaging  this  sub VI  receives  a  trig  (trigger  input)  and  harm  min  (harmonic  min)  from  the 
control  portion  of  HABMONIC.  VI.  Within  this  sub VI  a  false  trig  input  resets  all  the 
averaging  elements  to  their  minimum  values  (harm  min)  for  control  purposes.  The 
information  is  displayed  on  the  front  panel  and  passed  to  the  control  section. 

3.  Control  Development 

Control  development  was  the  most  challenging  portion  of  the  program.  LabVIEW 
is  a  very  powerful  language  for  acquisition  and  processing  but  was  not  designed  for 
control  applications.  The  intent  of  the  control  section  was  to  use  the  energy  signal 
information  from  the  processing  section  and  derive  the  control  signal  weights  mentioned  in 
Chapter  HI.  The  control  weights  {S3,C3  ...Sh,Ch,...S15,C15}  dictated  the  magnitude  of 
the  sine  and  cosines  wave  forms  that  were  added  together  in  order  to  produce  harmonic 
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Figure  4.5  Block  Diagram  of  HARM  AVE  sub  VI 
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canceling  current  signal  which  when  injected  into  the  network  would  reduce  the  energy 
contained  in  its  corresponding  harmonic. 

Theoretically  since  the  sine  and  cosine  functions  are  orthogonal  the  correction 
signals  proper  phase  and  magnitude  could  be  reached  provided  that  the  step  size  was  small 
enough.  The  weights  needed  to  be  varied  one  at  a  time  and  the  response  of  the  system 
determined  in  order  to  see  if  the  error  signal  had  increased  or  decreased.  Determining  the 
gradient  of  the  error  as  a  function  of  the  changing  weight  would  dictate  the  direction  that 
the  weight  would  be  varied.  Once  a  minimum  error  signal  was  obtained  the  program 
could  move  on  to  the  next  weight.  Implementing  a  state  machine  to  sequentially  control 
the  distortion  was  decided  to  be  the  best  approach.  Figure  4.6  shows  the  state  machine 
approach  to  the  problem.  The  coupling  effect  between  harmonics  made  parallel  correction 
of  harmonic  to  difficult. 

Once  the  APLC  was  initialized  and  the  control  placed  in  auto  the  harmonic  with 
the  largest  error  signal  would  be  selected.  The  weight  of  the  sine  component  of  the 
harmonic  would  start  increasing.  If  the  gradient  were  positive  then  the  trigger  would  be 
false  and  the  sine  weight  would  be  deceased.  The  weight  would  be  continually  decreased 
by  a  step  size  until  the  gradient  turned  positive  and  the  trigger  would  become  false.  The 
state  would  continue  to  execute  while  the  trigger  was  true  or  until  control  was  shifted  to 
off,  hold  or  manual.  The  block  diagram  of  the  control  case  statements  are  shown  in 
Figure  4.7.  This  sequence  continues  until  the  correction  sequence  is  passed  and  the 
harmonic  with  the  highest  energy  determined. 

In  practice,  the  gradient  could  not  be  easily  used  as  the  trigger  because  of 
fluctuations  in  the  error  signals.  This  problem  was  overcome  by  assigning  a  variable  to 
store  the  lowest  error  signal  value  that  occurs  during  each  harmonics  correction  sequence 
and  cause  the  trigger  to  become  false  when  the  error  signal  reached  this  minimum  error 
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Figure  4.7  Control 
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Statements 


signal  plus  some  offset.  This  in  essence  searched  for  the  proper  weights  by  "swinging  or 
rocking"  through  the  error  signal.  These  are  the  trig  (trigger  input)  and  harm  min 
(harmonic  min)  signals  previously  mentioned  in  the  data  processing  section.  Figure  4.8 
shows  the  block  diagram  of  the  subVI  used  to  control  the  APLC  as  described  above. 
Each  cycle  the  undated  weights  were  sent  to  signal  output  section. 

4.  Signal  Output 

The  AT-MIO-16F-5  data  acquisition  board  has  two  analog  output  channels.  Each 
channel  has  its  own  buffer  that  different  data  sequences  can  be  stored.  The  board  was  set 
so  that  the  conversion  rate  was  constant.  The  output  frequency  could  then  be  controlled 
by  varying  the  number  of  cycles  in  the  data  sequence.  Arrays  containing  sinusoidal  (both 
cosine  and  sine)  sequences,  aU  of  the  same  length,  were  generated  in  the  SG  subVI.  The 
arrays  each  contained  a  different  number  of  cycles.  The  odd  harmonics  were  to  be 
corrected  therefore  the  arrays  had  the  odd  numbers  as  the  number  of  cycles.  Figure  4.9 
shows  the  block  diagram  of  the  SG  subVI.  The  weights  developed  in  the  control  section 
were  passed  to  the  SG  subVI  to  be  the  amplitudes  of  the  arrays.  The  arrays  are  added 
element  by  element  to  develop  the  discrete  distortion  canceling  signal.  This  signal  is  down 
loaded  to  the  specified  I/O  channel  of  the  data  acquisition  board  to  become  the  input  of 
the  current  amplifier  of  the  APLC. 
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Figure  4,8  Block  Diagram  of  Control  sub  VI 
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Figure  4.9  Block  Diagram  of  Signal  Generating  sub VI 


V.  ACTIVE  POWER  LINE  CONDITIONER  TESTING  AND  RESULTS 


A.  TEST  SETUP 

The  diagram  shown  in  Figure  5.1  depicts  the  testing  and  measuring  setup  for  the 

APLC. 


Figure  5.1  Testing  and  Measuring  Setup 

A  Copley  262V  amplifier,  controlled  by  the  computer,  was  operated  as  a  voltage 
source.  The  amplifier  was  powered  by  the  same  source  used  by  the  current  amplifier  of 
the  APLC  and  connected  as  described  in  Chapter  HI.  The  output  voltage  wave  shape  and 
fi'equency  of  the  amplifier  are  controlled  by  the  computer.  This  is  done  by  utilizing  the 
output  of  one  of  the  data  acquisition  boards'  D/A  converters  to  drive  the  differential  input 
to  the  amplifier  The  voltage  supply  section  of  HABMONIC.  VI  generates  a  sinusoidal  data 
array  that  is  down  loaded  to  the  buffer  associated  with  the  specified  I/O  channel.  The 
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conversion  rate  of  the  channels'  D/A  converter  in  conjunction  with  the  number  of  periods 
of  data  contained  in  the  I/O  buffer  controls  the  output  analog  frequency  at  the  desired 
value.  The  Copley  acts  as  an  excellent  low  distortion  voltage  source  with  little  associated 
output  impedance.  In  addition  there  is  no  need  for  frequency  synchronization  since  the 
computer  is  supplying  the  input  sinusoidal  signal  for  the  amplifier.  On  the  contrary,  if 
building  power  were  used,  the  line  impedance  and  slowly  varying  frequency  of  the  bus 
would  need  to  be  considered.  For  the  purpose  of  this  thesis,  direct  connection  to  the 
building  was  not  advantageous  to  "proof  of  principle",  but  would  only  interfere  with  the 
accuracy  by  entering  more  unknowns  unnecessarily. 

The  voltage  source  provided  the  power  to  the  network  as  if  it  were  supplied  from 
an  uncorrupted  stiff  power  grid.  The  distortion  on  a  local  bus  is  caused  by  the  voltage 
drop  which  occurs  when  the  non-linear  current  drawn  by  the  bus  passes  through  the 
transmission  line.  The  line  resistor  (28D)  and  the  isolation  transformer  performed  the  part 
of  the  transmission  line. 

The  test  equipment  is  powered  by  the  wall  outlet  and  therefore  grounded.  The 
output  of  the  Copley  amplifiers  need  to  be  ungrounded;  the  test  circuit  was  therefore 
made  to  float.  The  Tektronbc  A6902B  isolator  isolated  the  ungrounded  test  circuit  from 
the  test  equipment.  An  additional  reason  for  using  this  type  of  isolator  was  its  ability  to 
step  signals  down.  The  voltage  was  reduced  to  meet  the  dynamic  range  of  the  data 
acquisition  boards'  converters. 

The  non-linear  load  used  in  the  test  circuit  was  an  inductor  in  series  with  a  parallel 
connected  capacitor  and  resistor,  all  of  which  were  driven  by  a  phase  controlled  rectifier 
(PCR).  The  test  circuit  is  shown  in  Figure  5.2.  The  firing  angle  of  the  PCR  is  adjustable 
by  a  precision  potentiometer  on  the  Variable  AC/DC  Supply  Logic  box.  By  adjusting  the 
firing  angle,  the  amount  of  fundamental  and  harmonic  current  drawn  were  varied.  [Ref  11] 
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The  ability  to  finely  control  the  total  amount  of  current  drawn  fi-om  the  "weak"  bus 
allowed  the  for  precise  regulation  the  THD  of  the  bus  voltage. 


Figure  5.2  Non-linear  Load 

The  following  procedure  is  used  for  readying  the  test  circuit  for  evaluation. 

1 .  Energize  computer,  oscilloscope  and  isolator. 

2.  From  the  208  VAC  supply  energize  the  rails  of  the  amplifiers.  Use  the 
variac  and  adjust  the  rail  voltage  to  at  least  150VDC. 

3.  Provide  power  to  the  PCR  by  energizing  the  Logic  Power  Supply,  6 
Channel  Pulse  Amplifier  and  Variable  AC/DC  Supply  Logic,  in  this  order. 

4.  At  the  computer,  execute  the  Lab  VIEW  program  fi'om  Windows. 

5 .  In  Lab  VIEW,  execute  the  HAEMONIC.  VI. 

6.  Using  the  mouse  start  the  VI  running.  The  default  values  in  the  VI  will 
energize  the  voltage  source  and  start  acquisition  of  bus  voltage  data. 

The  VI  takes  a  finite  number  of  cycles  to  load  the  averaging  elements.  The 
elements  are  fully  loaded  when  the  THD  fluctuates  less  than  one  percent.  Once  the  THD 
is  relatively  stable  the  system  is  initialized  and  ready  to  be  placed  in  auto  for  control  to 
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begin.  The  APLC  continues  to  correct  the  distortion  until  the  control  selector  is  shifted  to 
off  or  hold. 

B.  RESULTS 

The  trial  run  presented  in  this  thesis  started  at  a  realistic  distortion  level  of  12.5 
percent.  Figure  5.3  shows  the  initial  distorted  bus  voltage  wave  form  and  the  spectrum  of 
harmonic  energy.  The  spectrum  is  automatically  scaled  in  the  vertical  direction  but  fixed 
in  the  horizontal  direction.  The  x-axis  starts  at  100  Hz  instead  of  the  tj^iical  0  Hz  to  cut 
out  the  fundamental  energy  spike.  The  energy  of  the  fundamental  is  many  orders  of 


Figure  5.3  Bus  Voltage  and  Energy  Spectrum 


36 


magnitude  larger  than  its  harmonics  and  would  overshadow  their  presence  on  the 
spectrum. 

The  corrected  bus  voltage  wave  shape  and  its  associated  spectrum  is  shown  in 
Figure  5.4.  The  obvious  notch  that  was  present  in  the  uncompensated  wave  shape  has 
been  essentially  eliminated.  The  compensated  wave  shape  has  significantly  improved 
towards  the  desired  sinusoid.  The  spikes  that  are  still  present  in  the  compensated  voltage 
wave  shape  are  due  primarily  to  the  harmonics  that  were  higher  than  the  1 5th  which  were 
not  corrected.  The  spectrum  shows  that  the  uncorrected  harmonics'  energy  has  increased 
due  mainly  to  the  coupling  efiect  of  the  non-linear  load.  The  final  THD  was  3.0  percent. 


Figure  5.4  APLC  Corrected  Bus  Voltage  and  Energy  Spectrum 
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The  decrease  in  percent  THD  during  the  trial  run  is  shown  Figure  5.5.  During 
testing  it  became  very  apparent  that  the  convergence  rate  to  the  proper  control  weights 
and  hence  the  drop  of  THD  were  sensitive  to  step  size,  averaging  technique,  data 
windowing  and  triggering  levels.  Figures  5.6  through  5.12  show  the  variations  of  each  of 
the  corrected  harmonics'  error  signal  and  weights  over  time.  As  explained  in  Chapter  IV, 
sequential  control  was  used  to  remove  the  harmonic  distortion.  The  harmonic  with  the 
highest  error  signal  is  corrected  first.  The  periods  that  the  weights  are  not  varying  are  the 
times  that  some  other  weight  is  being  changed  either  in  the  same  harmonic  or  another  with 
a  larger  error  signal.  At  times  when  the  weights  of  a  particular  harmonic  are  not  being 
changed  yet  its'  error  signal  is  increasing.  Figure  5.8  through  5.12,  shows  the  significant 
amount  of  coupling  that  exists  between  harmonics.  As  expected  the  weights  were 
converging  on  unique  values  depending  of  the  network  topology. 
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APLC  Correction  of  Total  Harmonic  Distortion 


Figure  5.5  Percent  THD  of  Bus  Voltage  Over  Time 
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Weight  Magnitude 


3rd  Harmonic 


Time  [min] 

Figure  5.6  3rd  Harmonic  Error  Signal  and  Weight  Magnitudes  Over  Time 
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Weight  Magnitude 


7th  Harmonic 
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Weight  Magnitude 


11th  Harmonic 
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Weight  Magnitude 


Weight  Magnitude  Error  Signal 


15th  Harmonic 


Figure  5.12  15th  Harmonic  Error  Signal  and  Weight  Magnitudes  Over  Time 
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VL  CONCLUSIONS  AND  RECOMMENDATIONS 


A.  CONCLUSIONS 

The  main  goal  of  this  thesis  was  to  prove  that  THD  of  a  local  bus  could  be 
corrected  using  only  the  knowledge  of  the  local  bus  voltage.  To  this  end,  the  results 
presented  in  Chapter  V  show  that  the  APLC,  controlled  solely  from  information  derived 
from  the  bus  voltage,  reasonable  reduced  the  THD  at  the  bus.  The  shortcoming  indicated 
by  the  results  was  the  length  of  time  that  the  algorithm  took  in  order  to  come  up  with  the 
correct  weights. 

A  secondary  goal  of  the  thesis  was  to  create  an  optimal  algorithm  for  determimng 
the  control  weights.  The  coupling  that  existed  between  harmonics  led  to  a  sequential 
approach.  This  significantly  contributed  to  the  time  required  to  reduce  the  THD.  Since 
both  the  phase  and  magnitude  of  the  correction  signal  were  unknoAvn,  only  one  of  the 
orthogonal  functions  could  be  varied  at  a  time;  this  dictated  a  sequential  approach  to  each 
harmonic  which  added  additional  time  to  the  process.  The  algorithm  presented  in  this 
thesis  gave  the  best  results  considering  the  coupling  effects  and  the  linutation  of  Lab  VIEW 
as  a  controUer. 

B.  RECOMMENDATIONS 

Implementation  of  this  approach  on  a  dedicated  digital  signal  processor  (DSP) 
board,  such  as  the  TMS520C30,  should  be  investigated.  The  versatility  of  the  C 
programming  language  and  the  capability  of  today's  DSP  boards  would  allow  for  easy 
implementation  and  compactability  of  the  process. 
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The  time  to  reduce  the  THD  could  be  improved  if  a  prior  knowledge  of  the 
network  was  known.  The  changes  in  a  distribution  system  topology  is  periodic  to  some 
extent.  A  neural  network  could  be  trained  for  a  given  system  to  predict  its  impedance 
matrix,  thus  providing  a  starting  point  to  the  APLC.  Additionally,  the  APLC  could  be 
used  to  collect  the  information  for  the  neural  network  since  it  would  require  injecting 
various  currents  and  monitoring  the  corresponding  changes  in  bus  voltage  to  determine 
this  impedance  matrix. 

A  unity  power  factor  converter  should  be  built  to  provide  the  power  to  the  APLC. 
This  converter  could  be  powered  off  the  same  bus.  This  would  close  the  loop  and 
theoretically  make  it  feasible  to  install  this  type  of  self-contained  harmonic  correction 
device  in  to  any  system  with  only  one  tap-in  point. 
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